In this and two companion papers we examine the cortical basis for the relationship between perceived Stanford, California 94305 speed, color, and contrast. Here, behavioral experiments designed to measure how perceived speed depends on color and contrast are described. The second Summary paper reports functional magnetic resonance imaging (fMRI) measurements of color responsivity in a motionThe influence of contrast and color on perceived motion was measured using a speed-matching task. . For the stimuli used in these studies, we find no significant discrepancy between the behavsensitivity factor. This result suggests that the reduced apparent speed of low contrast targets and certain ioral and neural measurements. Hence, the color information within the conventional motion pathway may be colored targets is caused by a common cortical mechanism. The cone contrast levels that equate perceived sufficient to explain behavioral judgments of relative speed. speed differ substantially from those that equate visibility. This result suggests that the neural mechanisms governing speed perception and visibility differ. PerResults ceived speed differences caused by variations in color can be explained by color responses that are characEach panel in Figure 1a shows how perceived speed teristic of motion-selective cortex.
2 using a horizontal axis that measures cone contrast yellow light on the display. The background light reduces the L and M cone contrast but spares the S cone relative to threshold. This adjustment does not bring the curves together; the differences in the perceived speed contrast. Were the nominal S cone matches due to inadvertent L and M cone signals caused by the stimulus, of the colored targets are not explained by differences in color sensitivity. Observers detect the (LϪM) and S the yellow background light should influence the S cone matches in the same way that it influences the L and M cone patterns at very low contrast levels; nonetheless, these patterns appear to move quite slowly.
cone matches. Figure 4 shows that the yellow background light influThe data in the first two figures are all based on matches with respect to an L cone standard. Do the ences the L and M cone stimuli differently from the S cone stimuli. A match between an L cone test and an relative sensitivity judgments depend on the color of this standard? To answer this question, we carried out L cone standard made upon a neutral background remains a match when the yellow light is added. The yellow a control condition in which judgments were made using an S cone standard. The curves in Figure 3 show that background reduces the contrast of both L cone stimuli so that both appear to move more slowly. But, the match the horizontal displacement along the log contrast axis was unchanged when measurements were made using is preserved. A match between an L cone standard and an S cone test made on a neutral background is disa different standard.
Even at relatively high contrast, the S cone test apturbed by adding the yellow background light. The yellow light slows the L cone standard but not the S cone pears to move very slowly (Cavanagh et al., 1984) . Is it possible that S cone signals do not reach the motion test. In the presence of the yellow background, the S cone test appears to move more quickly than the L cone pathways and that all of the perceived S cone motion is due only to small calibration errors in the S cone stimulus; hence, the speed of the L cone standard must be increased to achieve a speed match. Similarly, a stimulus, resulting in unwanted L and M cone signals? To test this hypothesis, we superimposed an intense match between a pair of M cone stimuli is preserved sharply only at contrast levels significantly above threshold, while the apparent speed of luminance tarferent motion pathways. Their argument is based on a difference in the slope relating perceived speed to gets rises near threshold levels and is nearly saturated at higher contrasts. Figure 5b shows that when the data contrast in luminance and isoluminant targets. Yet, fitting the complete data set reported here while allowing are restricted to this range, we too see a difference in 
(1993) measured how effectively isoluminant stimuli cancel the motion of lumilarger at a given contrast ratio than those [at higher contrasts]" (p. 1539). They go on to say that the failure
nance stimuli. They concluded that motion responses from a variety of colored stimuli are represented by a to find saturation only applies to speed matches made using standards above 10% contrast. Gegenfurtner and common motion mechanism and that this mechanism is not monochromatic. Summarizing all of the measureHawken (1996a) used lower contrast standards for their speed matches and found that "at contrast levels greater ments, we suggest that the motion mechanism color responses be described by an equation that combines than the standard there tends to be some saturation" (p. 1285). Thus, it seems that with lower contrast stanthe luminance, red-green, and blue-yellow opponent mechanisms, such as E c ϭ (L ϩ M) 2 ϩ (L Ϫ M) 2 ϩ dards, the effects are larger and saturation is evident.
Our The target contrast began well above threshold and was adjusted All had normal or corrected-to-normal acuity and no measurable in logarithmic steps using a "3 down, 1 up" procedure. The step color deficits. size was initially 0.6 log units and was reduced to 0.1 log units by the fourth reversal. The staircase ran until at least 16 reversals were Apparatus tallied. Detection thresholds were estimated by a maximum likeliStimuli were presented on a cathode ray tube display (Sony hood fit of the Weibull function (Watson, 1979) . Multiscan 200sf, 17 inch, Trinitron) controlled by a graphics card A chin and forehead rest was used to maintain head position and with 10 bit intensity resolution for each color channel (Radius Thunthe stimuli were viewed with both eyes. Observers were asked to derpower 30-1920). The stimuli were calibrated for intensity and maintain fixation on the central fixation mark, which flickered 100 wavelength using a Photo Research SpectraScan PR650 spectral ms before stimulus onset to alert the observer. The brief stimulus photometer. The calibration procedures included (1) tests of the presentation time prohibited serial fixation of both stimulus positions additivity of the red, green, and blue display channels, (2) measureon any one trial. The tasks were quite easy to do while maintaining ments of the spectral power distribution of each display channel, fixation. and (3) characterization of the (nonlinear) relationship between the digital frame buffer values and each color channel's output intensity.
Data Analysis These calibration measurements provide sufficient information to
The measurements we report include the contrast and color of the create cone-isolating stimuli (Brainard, 1989; Wandell, 1995) . Cone test stimulus as the independent variable and the velocity of the absorptions were estimated using the Stockman fundamentals standard as the dependent variable. We summarize the functional (Stockman et al., 1993) . The calibrations were repeated periodically relationship between contrast and speed by the conventional form throughout the data collection period, but no significant changes in the system were observed. S ϭ ( c p c p ϩ p ) M With this display system, 1024 luminance levels could be produced for each color channel. This level of quantization provides enough contrast resolution to measure signals near detection where S is the perceived speed, c is the stimulus contrast, M is the maximum speed, and p and are parameters that determine the threshold. The experiments were controlled using custom Matlab
